As expected, the average spatial accuracy of 0.57 • for the EyeLink 1000 eye-tracker was better than the 0.82 • for the Pupil Labs glasses (N=15). Furthermore, we detected less fixations and shorter saccade durations for the Pupil Labs glasses. Similarly, we found fewer microsaccades using the Pupil Labs glasses. The accuracy over time decayed only slightly for the EyeLink 1000, but strongly for the Pupil Labs glasses. Finally we observed that the measured pupil diameters differed between eye-trackers on the individual subject level but not the group level. To conclude, our eye-tracking test battery offers 10 tasks that allow us to benchmark the many parameters of interest in stereotypical eye-tracking situations, or addresses a common source of confounds in measurement errors (e.g. yaw and roll head movements). the distance to the monitor in mm. This new spherical coordinate system puts the subject at it's origin.
206
The radius of the sphere is the subject to monitor distance. The screen itself would be typically at 90 
209
We then detected and removed all bad samples that we did not consider in further analysis with the 210 following exclusion criteria: no pupil detected, the gaze point was outside the monitor or the sample was 211 marked as corrupt by the eye-tracker.
212
The experimental triggers that were sent from the stimulus computer to each of the recording computers 
Eye movement classification / detection

219
It is difficult to establish what an eye movement is, as the definition typically depends on the used 220 algorithm. Because here we focus on the comparison between devices, and an evaluation of algorithms 221 defining fixations is beyond the scope of the present study, we used identical algorithms for both eye- filter-output to detect large changes in confidence and thereby identifies the start and the end of blinks.
232
We noticed that the blink detection algorithm sometimes detected very long blinks (tens of seconds)
233
and added a criterion that a blink can only have a start time point if it also has an end time point. Our 234 code-change was that in case we found multiple consecutive blink start point candidates, we only used the 235 last one. For the EyeLink data, we used the blinks that were already detected by its proprietary algorithm 236 during recording.
237
For the subsequent saccade detection, we regarded the samples ± 100 ms around a detected blink 238 event as additional blink samples (Costela et al., 2014) and accounted for them during saccade detection.
239
For the task analyses which rely directly on sample data, we excluded all blink samples. Two cameras take samples of the eyes. Each has a fixed (and reliable) sampling rate of 120 Hz. During startup, the relative phase of the sampling timepoints of the two cameras is random. If we use the Pupil Labs fusion algorithm (green samples), which pairwise uses the eye-cameras' samples, we will always get a steady sampling rate of 240 Hz regardless of the actual information content. B) Using the eye-camera timestamps we calculate inter-sample time distances (shown also in A). Perfect anti-phasic behavior should show as a cluster around the 240 Hz line, perfect phasic behavior as a cluster around 120 Hz. Mixed phase seems to be the rule. C) The consequence of a bad eye fusion algorithm. Inline with the temporal averaging shown in A) the gaze position is also linearly interpolated. Nevertheless, we often observed staircase like patterns (see also Section 3.4). We think this is due to the 4D binocular calibration function that does not take time-delays into account during the fit. in anti-phase to each other (see Figure 4) . In our data, we found a uniform phase relation, indicating 259 that participants' effective sampling rates range from close to 120 Hz to close to 240 Hz. In addition,
260
we found two types of artifacts. One is visible in Figure 5 , which occurred for some subjects and has 261 an unknown origin. Another (possibly related) artifact has a a stereotypical step-function appearance 262 which is especially visible during saccades (see Figure 4) . Both artifacts are likely problematic for the 263 velocity-based saccade detection algorithm. For the latter, we offer an explanation of possible origin:
264
During calibration, a 4D to 2D polynomial regression function is fitted. In order to do so, pairs of The proximity of consecutive samples is assessed with the root mean square (RMS) of inter-sample distances: Let d( . Precision was calculated as:
The spatial spread is assessed with the standard deviation of the sample locations. The standard 301 deviation for a set of n data samples is calculated as: Let d( 
308
With the EyeLink 1000, pupil area is calculated as the sum of the number of pixels inside the detected pupil 309 contour. We converted the pupil diameters reported by Pupil Labs into pupil area using:
where A denotes the ellipsis area, l 1 denotes the semi-major axis and l 2 denotes the semi-minor axis. In 311 our experiment, pupil area is reported in pixels or arbitrary unit. The absolute pupil size is not important 312 for the current study and due to lacking pupil calibration data, a conversion to mm is not possible. Pupil 313 size fluctuates globally over blocks due to attention or alertness. We normalized the pupil area to the 314 median of a baseline period (see Section 2.3.9). The task sequence was kept the same in all blocks and across all participants (see Figure 2 ). At the 318 beginning of each block, directly after the eye-tracker calibration, we presented a grid task, that was 319 designed to assess the spatial accuracy of the eye-trackers. In addition we used the grid task right 320 before and after a controlled block of head movements. Furthermore, we placed the fixation heavy tasks
321
(Microsaccade task 2.3.7 and Pupil Dilation task 2.3.9) in between tasks which were more relaxing for 322 the participants (Blink task 2.3.8, Free viewing task 2.3.6, Accuracy task 2.3.4). 
Fixation Targets
324
Throughout the experiment, we used three different fixation targets: For manufacturer calibration/validation,
325
we used concentric circles following the Pupil Labs specifications in order to detect reference points from 326 the world camera. For most fixation tasks we used a fixation cross that was shown to reduce miniature eye looked better aesthetically. Secondly, for microsaccades, as we did not want to minimze microsaccades.
330
Thirdly, for pupil dilation we could keep the bullseye visible regardless of background illumination. 
Calibration
332
Since the experiment was designed to evaluate the performance of the eye-trackers, we calibrated 333 the devices at the beginning of each block. Calibration was performed using a 13 point randomized 334 calibration procedure. We used concentric rings as fixation points which can be detected by the Pupil
335
Labs glasses' world camera. The 13 calibration points were selected as a subset of the large grid from the 
344
If more than 10 unsuccessful calibration attempts were made, with adjustments of the eye-trackers in 345 between, we stopped the recording session and excluded the participant from the experiment. We used a fixation grid to evaluate the difference between the location of a displayed target and the 348 estimated gaze point. We estimated absolute spatial accuracy and in addition, decay of the calibration 349 accuracy over time. We used two variants of the accuracy task, a large grid based on a 7 × 7 grid and a
350
small grid based on a subset of 13 points. The large grid accuracy task is shown directly after the initial and fixate it, and once they felt their eyes stopped moving, to press the space bar to continue. The center 360 point was used as the start and end point.
361
A sample screen is visible in Figure 1 and an animated gif is available on GitHub (https:// 362 github.com/behinger/etcomp/tree/master/resources).
363
Task with the small grid: The small grid task is analogous to the large grid task, but with a subset of 364 13 target points. These points were also used in the calibration procedure and spanned the whole screen. were instructed to press the space bar to start a trial. In this task we used a bullseye fixation target. The 
403
To minimize the chance of catch-up saccades, we chose the starting point for each stimulus such that it 404 took 0.2 s for the target to move from the starting point to the center. We instructed the participants to 
Results: Calibration
503
In the great majority of eye-tracking experiments, eye-trackers first have to be calibrated. That is,
504
(typically) a mapping from a pupil position coordinate frame to a world coordinate frame needs to be 505 estimated. We used an experimenter-paced 13 point calibration procedure to calibrate both eye-trackers 506 simultaneously. We made use of the eye-trackers' internal validation methods. In summary, we succeeded in calibrating both eye-trackers simultaneously in the validation accuracy 516 ranges that are recommended by the eye-tracker manufacturers. 
14/32
Spatial accuracy and precision are the most common benchmark parameters of eye-trackers. We measured 519 those by asking subjects to fixate points on a 49 point fixation grid. In order to record the best-case spatial 520 accuracy and precision we employed this task immediately after calibration. We report 20%-winsorized 521 means, first aggregated over the 49 grid points, then over the 6 blocks and finally over the 15 participants. has in this condition a ≈ 45% worse spatial accuracy value than EyeLink. These accuracies have to be 525 taken as best-case accuracies as they were measured shortly after the calibration procedure.
526
We quantified the spatial precision using the inter-sample distances (root mean squared) and the Figure 7K , there are two sources for the observed difference.
551
For one, Pupil Labs often misses catch-up saccades, thereby prolonging average fixation duration. On 552 the other hand the initial peak around 0 is positively biased, indicating that also for other fixations, Pupil
553
Labs offers longer fixation durations. This might be a consequence of our use of the sample-wise saccade 554 detection algorithm.
555
In conclusion, we found that EyeLink, as well as Pupil Labs, showed rather good spatial accuracies 
573
These pursuit velocities are much smaller than the target velocities (but accurately estimated, for example 574 see Figure 8D ). These slow pursuit velocities are accompanied by a high frequency of catch-up saccades.
575
Specifically, the distance the target is tracked is covered evenly by pursuit movements and catch-up EyeLink. This could explain the bias of the model to fit steeper slopes in Pupil Labs compared to Eyelink.
583
In summary, smooth pursuit signals could be detected by both eye-trackers. There were large biases 584 between eye-trackers, even though the artificial task structure should make smooth pursuit detection easy. 
Results Task 3: Free Viewing
586
If subjects inspect images without a specific task, it is usually referred to as free-viewing or unrestricted 587 viewing. Free viewing can be used to find attentional biases, fit saliency models or measure task-unbiased 588 fixation behaviour. We presented a total of 18 images in the Free-Viewing task. The images were displayed 589 for 6 s each and showed mostly natural patterns and textures, and scenarios. coefficients, even though they are quite similar from an algorithmic point of view.
604
In contrast to the good performance of both eye-trackers in the accuracy task (Section 3.2), we see Labs finds fewer and shorter saccades than EyeLink and therefore on average longer fixation durations.
608
Hence, the eye-tracker should be carefully chosen, if individual eye traces are of importance. 
Results Task 4: Microsaccades
610
The eye never stays still but is constantly moving. If saccade-like behavior is found while the subjects 611 subjectively fixates, they are usually termed microsaccades. In order to investigate how well microsaccades 612 can be found, we showed a central bullseye fixation point for 20 s to elicit these microsaccades and
613
analyzed their amplitudes and rates. 
625
In the grid task, Pupil Labs often missed small corrective saccades (Figure 7 ). In the Free-Viewing 626 task, we observed longer fixation durations for the Pupil Labs glasses which readily can be explained by 627 missed small saccade amplitudes as well. Therefore, it is unsurprising that Pupil Labs also has problems 628 with detecting microsaccades, and in addition, similarly to the Free Viewing task, reports them as shorter 629 as our gold standard. Blinks are often only detected to remove them when they are considered artifacts, but blinks can also be a 632 measure of interest. In this task, we asked participants to voluntarily blink after a short beep. In contrast, Pupil Labs current blink detection algorithm is not sufficient to reliably detect eye blinks. We 641 even had to modify their blink detection algorithm (see Section 2.2.2) in order to use it in the first place.
642
Nevertheless, blinks were detected correctly for some subjects, but not on the group level. The pupil is constantly restricting and expanding mainly to accomodate for the amount of incoming light.
645
But many other influences have been found either from neurotransmitters, surprisal or during decision 646 making. We used 4 different luminance stimuli to measure the changing dilation of the participants' 647 pupils. Each luminance stimulus was preceded by a black baseline stimulus that was used to return pupil 648 to baseline size and the last second was used to normalize the measured pupil area. Prior to each luminance, we showed a black baseline for 7 s. C) Change in normalized pupil area relative to median baseline for the 4 different luminance levels. Winsorized mean over participants of the winsorized means over blocks with 95% bootstrapped confidence intervals for each eye-tracker. D) Winsorized means and 95% bootstrapped confidence intervals of the pupil area for each luminance level. E) Difference in normalized pupil area between the eye-trackers. Each blue line refers to the winsorized mean of one luminance level of one participant. The aggregated data over subjects (gray line) illustrates that the measurements of the eye-trackers differ little on an aggregated level, but subject-wise the eye-trackers do estimate the size of the pupil area very differently.
On the group level, both eye-trackers seem to measure the same normalized pupil area (see Fig-650 ure 12 C, D). However, looking at the estimates of pupil area per participant (Figure 12 E between eye-tracker therefore increases with constricting pupil.
657
For this reason, researchers should be careful when relying on individual participants' pupil dilation. However, on the group level, we think that there will be not much difference in using either eye-tracker. strength in the small grid conditions. Interestingly, the two small grid conditions, before and after the 674 two head movement blocks, seem to be indistinguishable. This is a hint that the systematic effect we see 675 during the yaw-task is a dependency on head position and not pure slippage. 
Mobile settings
800
As mentioned above, all of our results are based on data which were recorded under optimal lab conditions.
801
Therefore, we offer a lower bound for accuracy and only a rough basis for extrapolation to more mobile 802 setups. In realistic mobile setups, the calibration decay we observed will likely be worse as head show eye-individual calibrations rather than binocular fusion (see Section 4 and Figure 9 C remains to be measured, but will certainly be worse than our sample here. Therefore, we want to stress 875 again that our study reproduces a typical lab setup. In more advanced setups, e.g. mobile or VR studies, 876 the performance will also be worse due to more head movements.
877
Determining the detection algorithms used in the pipeline can have a general influence on the results.
878
In this study, we used a very popular velocity based saccade detector (Engbert and Mergenthaler, 2006). 
889
There are more factors that might have given us non-optimal measured performances in our study:
890
The experimenter recording the data had less than a year of eye-tracking experience; we had to calibrate 891 two eye-trackers at the same time; and, at least for the EyeLink 1000, the calibration area on the monitor 892 was slightly larger than what is recommended (we used 36 • with a recommended range of 32 • ). We argue 893 that these points cannot be critical, as we easily reached the manufacturer recommended validation results.
894
In addition, throughout the study we used robust statistics to mitigate the influence of singular outliers.
895
All in all, we think none of the limitations are so critical as to invalidate our findings. 
Conclusion
897
Eye-tracking data quality cannot be reduced to a single value. 
